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571 ABSTRACT

The soft magnetic alloy film of the present invention is
not a simple nitride alloy film but incorporates a compo-
sittonal modulation in which at least the content of
nitrogen 1s peniodically modulated in the direction of
film thickness after the deposition of the alloy film by a
sputtering procedure. Also, the soft magnetic alloy film
of the present invention contains a main content of Fe
for providing higher saturation magnetization, one or
more metals selected from Nb, Ta, Zr, Ti, and Hf, and
fine grains of Fe based materials developed after anneal-
ing. Therefore, the soft magnetic alloy film of the pres-
ent invention can exhibit better magnetic properties
including higher saturation magnetization and im-
proved soft magnetic characteristics after the annealing
and also, ensuring minimum magnetostriction with a
specific composition.

2 Claims, 8 Drawing Sheets
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1
SOFT MAGNETIC ALLOY FILMS

This application is a continuation of now abandoned
application Ser. No. 07/613,987 filed on Nov. 15, 1990.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to films of soft magnetic
Fe based alloy containing nitrogen for use as materials
of a magnetic head core for e.g. a VCR or a hard disk
system.

2. Descnptlon of the Prior Art

It is known that typical soft magnetic alloys for use
with e.g. a magnetic head include cobalt amorphous
alloy and Fe-Al-Si alloy. As higher density in the mag-
netic recording has been much required, such a soft
magnetic alloy for use as a material of a core is now
intended to provide higher magnetic saturation.

It 1s also desired to form magnetic gaps with e.g.
bonding glass for enhancing the operational reliability
of the magnetic head of a VCR or hard disk. The bond-
ing glass exhibiting a greater bonding strength is high in
the melting point and thus, the soft magnetic alloy film
should have a better soft magnetic property and higher
saturation magnetization after the heat treatment at a
high temperature. For example, for producing a soft
magnetic alloy film having higher saturation magnetiza-
tion from a Co based amorphous alloy, it is required to
decrease the content of a glass forming element in the
alloy. However, the temperature for crystallization in
the amorphous alloy film is also decreased, whereby the
soft magnetic property after annealing will be declined.
In view of thermal stability of the soft magnetic prop-
erty, the practical saturation magnetization in a soft
magnetic alloy film for a magnetic head in e.g. a VCR
1s about 10 k Gauss at the maximum when a Co based
amorphous alloy or Fe-Al-Si alloy is employed.

As understood, for ensuring the thermal stability in
the soft magnetic property, the practical saturation
magnetization in the soft magnetic alloy film for e.g a
VCR magnetic head is about 10 k Gauss at the maxi-
mum. However, an improved soft magnetic alloy film
having higher saturation magnetization is now required
for use with a high density recording head.

The compositionally modulated nitride alloy films
developed by us (for example, disclosed in U.S. patent
Ser. No. 4836865) are known, in which the nitrogen
composition is modulated in the direction of film thick-
ness, as appropriate materials for magnetic heads which
can exhibit higher saturation magnetization and has a
better soft magnetic property developed after anneal-
ing. Such.a compositionally modulated nitride alloy
film exhibits higher saturation magnetization with
mainly Fe based alloy than with Co based alloy and
also, less costly. It is therefore advantageous to produce
the soft magnetic film with a compositionally modu-
lated Fe based nitride alloy for having a better soft
magnetic property and exhibiting improved thermal
- stability. Accordingly, the compositionally modulated
Fe based nitride alloy film should be described in more
details of the compositional arrangement or general
formula and simultaneously, proved to prowde lower
magnetostrictwe effects.

It 1s a primary object of the present invention to pro-
vide a soft magnetic alloy film for use with a magnetic
head, which has a better soft magnetic property devel-
oped after annealing and exhibiting higher saturation
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magnetization, with the use of Fe based alloy, not con-
ventional nitride films, having a compositional modula-
tion of nitrogen. It is another object of the present in-
vention to provide a soft magnetic alloy film for use
with a magnetic head, which has a better soft magnetic
property ensuring lower magnetostriction and also, can
exhibit lower magnetostriction after annealing, with the
use of compositionally modulated Fe based nitride alloy

films.

SUMMARY OF THE INVENTION

For achievement of the aforementioned object, a soft
magnetic alloy film is provided, and the composition of
the film has been modulated in the direction of film
thickness at least during the deposition of the alloy film
and the average composition of the film is represented
by the general formula,

MaTbNc (1)

where M 1s Fe, T is one or more metals selected from
Nb, Ta, Zr, Ti, and Hf, N is nitrogen, and a, b, and c are
numerals in atomic % and determined by:

65 =a=893,3=2bh=17,4=Z¢c20
a4+ b4 ¢c= 100

(1)

Also, there is provided a soft magnetic alloy film
containing fine grains of Fe based materials in which at
least the nitrogen composition is modulated in the direc-
tion of film thickness and the average composition of
the film is represented by the general formula,

MaTbNc (1)

where M is Fe, T is one or more metals selected from
Nb, Ta, Zr, T1, and Hf, N is nitrogen, and a, b, and c are
numerals in atomic % and determined by:

65 =2 ag=R893,3=2H=17,4=¢2
a+ b4+ c¢c= 100

(1)

Particularly for ensuring lower magnetostrictive ef-
fects, there is provide a soft magnetic alloy film, the
composition of which has been modulated in the direc-
tion of film thickness at least during the deposition of
the alloy film and the average compositional arrange-
ment in the layers is represented by the general formula,

MdXeZfNg (2)
where M is Fe, X is one or more metals selected from
Nb and Ta, Z is one or more metals selected from Zr,
T1, and Hf, N 1s nitrogen, and d, e, f, and g are numerals
In atomic % angd determined by:

68 =d=82,9=c=150=1=3,4=g=20,
d+ e+ f+ g = 100.

(2)

Also, the same effects will be given by a soft magnetic
alloy film containing fine grains of F based materials in
which at least the nitrogen composition is modulated in
the direction of film thickness and the average composi-
tion of the film is represented by the general formula,

MdXeZfNg (2)
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where M 1s Fe, X is one or more metals selected from
Nb and Ta, Z is one or more metals selected from Zr,
Ti, and Hf, N is nitrogen, and d, e, f, and g are numerals
in atomic % and determined by:

68 =d=82,9=e=150=/534=g=)20,
d+e+ f+ g = 100

(2)

Similarly, for ensuring lower magnetostrictive ef-
fects, a soft magnetic alloy film is provided, and the
composition of the film has been modulated in the direc-
tion of film thickness at least during the deposition of
the alloy film and the average composition of the film is
represented by the general formula,

MhXiZ;jNk (3)
where M is Fe, X is one or more metals selected from
Nb and Ta, Z is one or more metals selected from Zr,

Ti, and Hf, N is nitrogen, and h, i, J» and k are numerals
in atomic % and determined by:

65 = h=1893,0=i=52=;=104
3=Eidjh+i+j+ k=100

(3%

Also, for the same purpose, there is provided a soft
magnetic alloy film containing fine grains of Fe based
materials in which at least the nitrogen composition is
modulated in the direction of film thickness and the
average composition of the film is represented by the
general formula,

MhXiZjNk (3)
where M i1s Fe, X is one or more metals selected from
Nb and Ta, Z is one or more metals selected from Zr,

T1, and Hf, N is nitrogen, and h, i, j, and k are numerals
In atomic % and determined by:

65 < h=8930=/=52=,=104=k =20
3=i4+jh+i4+j+ k=100

(3%

Furthermore, for the same purpose, there is provided
a soft magnetic alloy film, the composition of which has
been modulated in the direction of film thickness at least
during the deposition of the alloy film and the average
composition of the film is represented by the general
formula,

MIAmZnNp (4)
where M is Fe, A is one or more metals selected from
V, Mn, Cr, and Cu, Z is Zr, N is nitrogen, and 1, m, m,
and p are numerals in atomic % and determined by:

7144 =1=893,0=m=5,3
l+m+n+p= 100

For the same purpose, there is provided a soft mag- 60

netic alloy film containing fine grains of Fe based mate-
rials in which at least the compositional arrangement of
nitrogen i1s modulated in the direction of film thickness
and the average layer compositional arrangement is
represented by the general formula,

MIAmZnNp (4)

5,262,248
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where M is Fe, A 1s one or more metals selected from
V, Mn, Cr, and Cu, Z is Zr, N is nitrogen, and 1, m, n,
and p are numerals in atomic % and determined by:

M4=1=893,0=Em=53=n=104
l14+m<+n+ p= 100

The soft magnetic alloy film employing an alloy ma-
terial expressed by the general formula (1), (2), (3), or
(4) will be enhanced in the soft magnetic property when
the wavelength of compositional modulation in the
direction of film thickness is less than 60 nm.

The soft magnetic alloy film according to the present
invention is a nitride film of Fe based alloy containing
one or more metallic elements selected from Nb, Ta, Zr,
T1, and Hr. However, it is not a simple nitride film but
a compositionally modulated nitride alloy film having a
multi-layer construction comprising nitride layers con-
taining a higher content of nitrogen and non-nitride
layers containing less nitrogen, more particularly, in
which at least the nitrogen content is compositionally
modulated in the direction of film thickness after the
deposition of the alloy film by a sputtering procedure.
While the nitrogen content is compositionally modu-
lated, the composition of other elements in the composi-
tionally modulated nitride alloy film is also modulated
relatively. The sum of the thickness of a nitride layer
and the thickness of a non-nitride layer is designated as

a wavelength of compositional modulation measured in

the direction of film thickness. The wavelength of com-
positional modulation is controlled by varying the per-
10d of mixing of nitrogen gas (N;) with a sputtering gas
during the sputtering. The ratio of the nitrogen gas to
the sputtering gas or a nitrogen gas partial pressure ratio
Pn (%) is obtained from:

Pn (%)=100X (nitrogen gas partial pressure)/(total
sputtering gas pressure).

The compositionally modulated nitride alloy film
exhibits a distinct compositional modulation and is pre-
cise or close to amorphous phase just after the deposi-
tion of the film. The destinct compositional modulation
1s then shifted to an unclear compositionally modulated
form as the nitrogen content is dispersed by annealing at
a high temperature of more than 300° C. and after an-
nealing, will contain fine grains of Fe based materials
such as a-Fe. As the result of annealing, the composi-

- tionally modulated nitride alloy film of the present in-
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vention in which the compositional modulation is
changed will have a better soft magnetic property ex-
hibiting higher saturation magnetization and with a
specific average composition according to the present
invention, ensuring lower magnetostriction. The sub-
stantial condition to provide improved soft magnetic
characteristics after annealing is such that the nitrogen
content 1s at least compositionally modulated in the
direction of film thickness during the deposition of an
alloy film by a sputtering procedure or that fine grains
of Fe based materials are contained while the nitrogen
content has been modulated compositionally after an-
nealing. The wavelength of compositional modulation
1s preferably less than 60 nm for having a better soft
magnetic property. |

The soft magnetic alloy film of the present invention
contains Fe less affinitive to nitrogen and a metallic
element, e.g. Nb, Ta, Zr, Ti, or Hf, which has a high
affinity to nitrogen. In the alloy film, the metallic ele-
ment such as Nb or Zr is selectively bonded to the
nitrogen in chemical relationship. This is an important
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factor for providing the thermal stability after annealing
for improvement in the soft magnetic property. For
having a better soft magnetic property and providing
higher saturation magnetization, the average composi-
tion in the compositionally modulated nitride alloy film
of the present invention preferably includes more than 3
atomic % of one or more metallic elements selected
from Nb, Ta, Zr, Ti, and Hf, more than 3 atomic % of
nitrogen, and less than 92 atomic % of Fe. Also, for
particularly enhancing the saturation magnetization, the
content of Fe is desirably more than 60 atomic % and
the contents of a metallic element such as Nb or Zr and
nitrogen are less than 20 and 25 atomic % respectively.
Such preferred average composition is represented by
the formulas (1) and (1'). If Fe is a main component, it
can partially be replaced with Co or Ni. Also, it will be
acceptable that a small amount of oxygen is inevitably
contained in the alloy film during the sputtering pro-
cess, because a small amount of oxygen gas is contained
in the sputtering chamber or in Ar or N> gas.

For having a soft magnetic property showing lower
magnetostriction with the use of one of the foregoing
average composition, three of specified average compo-
sition represented by the formulas (2), (3), and (4) are
preferably employed.

First, when the average composition of a film is ex-
pressed as the general formula (2) or (2'), the content e
of the metal X representing one or more metallic ele-
ments selected from Nb and Ta is 9=e=15 (atomic %)
and the content g of nitrogen is 3=g=20 (atomic %). If
the content e of e.g. Nb or Ta or the content g of nitro-
gen 1s more increased and the content d of Fe denoted
by the letter M is further reduced, the magnetostriction
will be enhanced to a negative end and also, the satura-
tion magnetization will be declined. In reverse, if the
contents € and g are more decreased and the content d
is further increased, the magnetostriction will be shifted
to a positive end thus diminishing the better soft mag-
netic property. For improving thermal stability in the
soft magnetic property, it is preferred to add a content
f of the metal Z and more particularly, less than 3
atomic of one or more metallic elements selected from
Zr, T1, and Hf which will lower the magnetostriction.
This extra composition is shown in the general formula
2").

Secondly, when the average composition of a film is
expressed as the general formula (3) or (3'), the content
j of the metal Z representing one or more metallic ele-
ments selected from Zr, Ti, and Hf is 2=j=10 (atomic
%) and the content k of nitrogen is 3=k=20 (atomic
%). If the content j of e.g. Zr, Ti, or Hf or the content
k of nitrogen 1s more increased and the content h of Fe
denoted by the letter M is further reduced, the magne-
tostriction will be enhanced to a positive end. In re-
verse, if the contents j and k are more decreased and the
content h 1s further increased, the magnetostriction will
be shifted to a negative end thus diminishing the better
soft magnetic property. For improving the resistance to
corrosion in addition to low magnetostriction, it is pre-
ferred to add a content i of the metal X and more partic-
ularly, less than 6 atomic % of one or more metallic
elements selected from Nb and Ta. However, for ensur-
ing the better soft magnetic property, the sum content
of one or more metallic elements selected from Zr, Ti,
Hf, Nb, and Ta should be more than 3 atomic % and
thus, 3=i+j is needed in the formula (3). This arrange-
ment 1s shown in the general formula (3').
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Thirdly, when the average composition of a film is
expressed as the general formula (4) or (4'), the content
n of Zr is 3=e=10 (atomic %) and the content p of
nitrogen is 3=p=20 (atomic %). If the content n of Zr
or the content p of nitrogen is more increased and the
content 1 of Fe denoted by the letter M is further re-
duced, the magnetostriction will be enhanced to a posi-
tive end. In reverse, if the contents n and p are more
decreased and the content 1 is further increased, the
magnetostriction will be shifted to the negative end thus
diminishing the better soft magnetic property. When
less than 10 atomic % of the metal A representing one
or more metallic elements selected from V, Mn, Cr, and
Cu 1s added, the magnetostriction will be declined. The
extra arrangement is shown in the general formula (4').

The soft magnetic alloy film of the present invention
developed by the aforementioned manner will have a
better soft magnetic property provided after annealing
and exhibit higher saturation magnetization and mini-
mum magnetostriction.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graphic diagram showing the dependence
of coercivity on nitrogen gas partial pressure ratio in a
soft magnetic alloy film according to the present inven-
tion and in a comparative soft magnetic alloy film; FIG.
2 1s a graphic diagram showing the dependence of satu-
ration magnetization on nitrogen gas partial pressure
rat10 in a soft magnetic alloy film according to the pres-
ent invention and in a comparative soft magnetic alloy
film; FIGS. 3 and 4 are depth profile diagrams of the
content of elements in the soft magnetic alloy film of the
present invention before and after heat treatment;
FIGS. 8a, 5b, 5¢, 6a, 6b, 6¢, 8a, 8b, 8¢, 9a, 9b, and 9c are
graphic diagrams showing the dependence of magnetic
characteristics on average composition in the soft mag-
netic alloy film of the present invention; and FIGS. 7
and 10 are graphic diagrams showing the dependence of
saturation magnetostriction coefficient on temperature
for the heat treatment in the soft magnetic alloy film of
the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Example 1

This example illustrating a first embodiment of the
present invention will be described.

Using a sputtering deposition procedure, a multi-
layer film or a compositionally modulated nitride alloy
film consisting of 10 nm-thick nitride layers and 10
nm-thick non-nitride layers alternately laminated in the
direction of a film thickness was deposited on a sub-
strate of ceramic material by periodically mixing a ni-
trogen gas (N2) with an argon gas (Ar) during the sput-
tering deposition with the use of a target composition
expressed as FeggNbjs (in atomic %). The composition-
ally modulated nitride alloy film is designated as a soft
magnetic alloy film according to the present invention.
Also, for the purpose of comparison, a non-nitride film
was prepared by the sputtering procedure in an argon
gas, no nitrogen gas added, with the use of the same
target composition. For the same purpose, a single-layer
nitride film was prepared in a mixture of nitrogen gas
and argon gas during the sputtering with the same tar-
get. The thickness of each alloy film was 1 to 1.5 um.
Each alloy film having a different layer arrangement
was then annealed in the magnetic field.
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FI1G. 1 illustrates the relation between nitrogen gas

partial pressure ratio (Pn) and coercivity (Hc) in the |

compositionally modulated nitride alloy film during
sputtering. As shown in FIG. 1, Pn=0 (%) represents
the non-nitride alloy film and as-prepared means that
the alloy film is not annealed after the sputtering proce-

dure. Also, RMF anneal and FMF anneal represent the

alloy films annealed at 500° C. for one hour, after devel-
oped by the sputtenng procedure, in the rotating and
fixed magnetic fields respectively. As apparent from
FIG. 1, the compositionally modulated nitride alloy
film which was annealed at 500° C. for an hour in either
the rotating or fixed magnetic field exhibits a better soft
magnetic characteristic within a range of 5=Pn=20
(%) while the non-nitride film (Pn=0%) prepared for
comparison provides a higher coercivity of more than
10 (Oe) regardless of heat-up procedure, failing to show
a satisfactory soft magnetic characteristic. The single-
layer nitride film of Pn>5 (%) prepared for compari-
son, was found inferior in the soft magnetic characteris-
tic and the single-layer nitride film of Pn=5 (%)
showed considerably the soft magnetic chracteristic.

F1G. 2 illustrates the dependence of saturation mag-
netization (417Ms) on a nitrogen gas partial pressure
ratio (Pn) in the compositionally modulated nitride
alloy film of FIG. 1. Also, the alloy film of Pn=0 (%)
represents a non-nitride film and of Pn>0 (%) repre-
sents a compositionally modulated nitride alloy film.
The as-prepared alloy film shows 8 to 11 k Gauss of
saturation magnetization and the anneal. Alloy film
annealed at 500° C. for an hour exhibits as high as 15 k
Gauss in the saturation magnetization.

The wavelength of compositional modulation in a
compositionally modulated nitride alloy film is defined
by a sum of the thickness of a nitride layer and the
thickness of a non-nitride layer. Each of the composi-
tlonally modulated nitride alloy films shown in FIGS. 1
and 2 1s a multi-layer film consisting of 10 nm-thick
nitride layers and 10 nm-thick non-nitride layers alter-
nately laminated, hence having a compositionally mod-
ulated wavelength of 20 nm. The average composition
of alloy films of Pn=10 (%) shown in FIGS. 1 and 2 is
expressed as Fe77NbioN;3 obtained from an analysis of
Rutherford back scattering spectrometry.

Change of coercivity and saturation magnetization,
before and after annealing, seems to have a close rela-
tion to the structural change of the compositionally
modulated nitride alloy film. FIGS. 3 and 4 are dia-
grams showing the depth profile of Fe, Nb, and N ele-
ment contents in the compositionally modulated nitride
alloy film (Pn=15%) of Example 1, which were mea-
sured from the surface of the film in the direction of
thickness by means of Auger electron spectroscopy.
FIG. 3 illustrates the depth profile of an as-prepared
film and FIG. 4 illustrates the same of the alloy film
annealed at 500° C. for an hour. The compositionally
modulated nitride alloy film has a definite composi-
tional arrangement prior to the annealing as specifically
profiled with nitrogen element. After annealing, the
compositional arrangement of the film is turned ambig-
uous but yet remains modulated a little in the thickness
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direction. The compositionally modulated nitride alloy |

film of the present invention exhibits a higher saturation
magnetization and a better soft magnetic characteristic
after 1ts compositional arrangement becomes ambigu-
ous, as shown in FIG. 4. It is, however, necessary for
nitride alloy film to show soft magnetic properties, that
the alloy film should be deposited such that composition

65
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of the alloy film is modulated in the thickness direction
thereof because single layer nitride film prepared with
Pn> 5% could never exceed the compositionally modu-
lated nitride alloy film in soft magnetic properties under
any investigated conditions of annealing. The composi-
tional change after annealing may result from the selec-
tive binding of Nb with nitrogen element. Hence, the
soft magnetic alloy film or compositionally modulated
nitride alloy film according to the present invention
should contain more than 3% of nitrogen and more than
3% of metallic element, e.g. Nb, Ta, Zr, Ti, or Hf,
which has a higher affinity for nitrogen. While the as-
prepared nitride alloy film remains amorphous or close
to amorphous phase, the annealed nitride alloy film
contains Fe based fine grains of e.g. a-Fe as detected
using an X-ray diffractometry procedure. Therefore
criterion that the nitride alloy film can have soft mag-
netic properties after annealing is that the alloy film is
deposited such that the content of the alloy film is mod-
ulated in the thickness direction thereof, or that at least
the nitrogen content is compositionally modulated in
the thickness direction and the film contains fine grains
of F based materials.

The soft magnetic alloy film of Example 1 or the
compositionally modulated Fe based nitride alloy film
has a better soft magnetic characteristic exhibiting 15 k
Gauss of saturation magnetization and less than 1 Oe of
coercive force and more particularly, can obtain the
same after annealing at least at 500° C. for one hour.

Using the target of FeggNbi2, compositionally modu-
lated nitride alloy films were deposited by a sputtering
procedure which was different in the nitrogen gas par-
tial pressure ratio and the wavelength of compositional
modulation and then, annealed at a high temperature.
The measurements of coercivity are listed in Table 1
explaining the comparison between the compositionally
modulated nitride alloy films of the present invention
and the aforementioned comparative films.

TABLE 1

Nitrogen partial pres- Wavelength of Coer-
Specimen sure ratio during compositional civity
No. sputtering (%) modulation {(mm) (Oe)
Example |
] 10 20 0.6
2 10 40 0.8
3 10 60 1.0
_Comparison .
4 10 80 1.6
5 15 80 1.4
6 10 100 2.0

As Shown in Table 1, the compositionally modulated
nitride alloy films denoted 1 to 3 according to the pres-
ent invention has a better soft magnetic characteristic
exhibiting a low coercivity. As compared with the alloy
films of Comparlsons 4 to 6, the wavelength of composi-
tional modulation in the compositionally modulated
nitride alloy film having a better soft magnetic charac-
teristic is preferably less than 60 nm. Apparently, each
of the compositionally modulated Fe based nitride alloy
films in this Example has a compositionally modulated
wavelength of less than 60 nm thus showing a better soft

magnetic characteristic.

Example 2

Example 2 of the present invention will now be de-
scribed.
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A variety of soft magnetic alloy films or composition-
ally modulated Fe based nitride alloy films which are
different in the average composition were prepared and
annealed under optimum conditions. Table 2 shows the
relation between wavelength of compositional modula- 5
tion and magnetic characteristics after annealing of the
soft magnetic alloy films having different average com-
position.

TABLE 2

Spec- Average Wavelength of  Saturation  Coer- 10
imen composition compositional magnetiza-  Civity
No. (Atomic %) modulation (mm)  tion (kG) (Oe)
7  FerNbjiNip 20 15 0.6
8  FegqgNbgNyg 20 17 0.8
9 Fe73Nb9Ta4Ng 40 14 0.7 15
10 FeTajiNis 20 14 0.6
11  FeypZri7Nbys 20 13 0.3
12 FepaTiaNg3 20 14 0.7

As Shown in Table 2, the average composition in
each soft magnetic alloy film substantially consists of a
first element of Fe, a second element selected from Nb,
Ta, Zr, and Ti, and a third element of N. It is thus un-
derstood that the soft magnetic alloy film of the present
invention can have a better magnetic property within a
wide range of the average composition. -
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Example 3

Example 3 of the present invention will then be de-
scribed.

Using a procedure of rapid-frequency sputtering de-
position, a plurality of multi-layer film or composition-
ally modulated nitride alloy films, each consisting of 10
nm-thick nitride layers and 10 nm-thick non-nitride
layers overlaid periodically in the direction of a film
thickness and being deposited on a substrate of ceramic
material by periodically mixing 1.2 mm Torr of nitrogen
gas (N2) with 10.8 mm Torr of argon gas (Ar) during
the sputtering deposition, were prepared from various
targets of different Fe-Nb binary alloys. The nitrogen
gas partial pressure ratio Pn was 10% and the wave-
length of compositional modulation A was 20 nm. Be-
cause the content of nitrogen in the nitride alloy film
can be measured by a Rutherford back scattering spec-
trometry procedure or an X-ray photoelectron spec-
troscopy procedure with unsatisfactory precision, deci-
mal fractions of the numerals in an average composi-
tional representation will be disregarded hereinafter. In
this Example, the average composition of a film in the
compositionally modulated nitride alloy film developed
at Pn=10 (%) from the target alloy of FeggNbis is ex-
pressed as Fe77NbjgNi13 detected by the Rutherford
scattering procedure and will hence be denoted by a-
formula, Fegy_,NbxN;3. The compositionally modu-
lated nitride alloy films were then annealed in a mag-
netic field at 600° C. for 60 minutes. FIG. 5 shows the 35
dependence of magnetic characteristics on a content of
Nb in the compositionally modulated nitride alloy film
having an average composition of Feg7_,NbxNjis.
When the Nb content x is 9=x=15 (atomic %), the
saturation magnetization is more than 13 kG and the
coercive force is less than 1 Oe. The coefficient of satu-
ration magnetostriction As will be positive if the Nb
content is low and negative if high. When 9=x=15
(atomic %), the absolute value of the saturation magne-
tostriction coefficient is a low as less than 3 X 10—96. This 65
phenomenon will appear not only on the composition-
ally modulated Fe-Nb-N nitride alloy film but also on
the compositionally modulated Fe-Ta-N nitride alloy
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film. For example, the compositionally modulated ni-
tride alloy film having an average composition of Fez.
Ta11Ni3, after annealing at 550° C., was measured 14
kG 1n the saturation magnetization, 0.6 (Oe) in the coer-
civity, and less than —1X 10—%in the magnetostriction.
Also, the compositionally modulated nitride alloy film
having an average composition of Fe7sNbgTasNg, after
annealing at 550° C., was measured 14 kG in the satura-
tion magnetization, 0.7 (Oe) in the coercivity, and less
than 13X 10—6in the magnetostriction.

Then, using a target alloy of FegsNb;s, two composi-
tionally modulated nitride alloy films in which the
wavelength of compositional modulation is 20 nm and
the average composition is expressed as
(Feo.ssNbo.15)100—xINx were prepared by the sputtering
at a sputtering gas pressure of 12 mm Torr and with a
ratio of argon gas partial pressure to nitrogen gas partial
pressure being varied and then, annealed for 60 minutes
at 550° C. and 600° C. respectively. FIG. 6 shows the
dependence of magnetic characteristics on a content of
nitrogen in the compositionally modulated nitride alloy
films having an average layer composition of (Feg.gs
Nbo.15)100-xNx. As apparent from FIG. 6, both the
composttionally modulated nitride alloy films which
were annealed at an appropriate temperature of 550° C.
to 600° C. exhibit higher saturation magnetization,
lower coercivity, and lower magnetostriction when the
nitrogen content x is more than 3 atomic % and less
than 20 atomic %. |

As the above films are annealed at a given tempera-
ture, the saturation magnetostriction coefficient in a
compositionally modulated nitride alloy film will vary
with the annealing temperature. FIG. 7 illustrates the
dependence of a saturation magnetostriction coefficient
on an annealing temperature in the compositionally
modulated nitride alloy film having an average compo-
sition of FejsNbjaNi13. Apparently, the magnetostric-
tion coefficient associated with the foregoing composi-
tion 1s shifted from positive to egative as the annealing
temperature increases. More particularly, the magneto-
striction becomes nil after annealing at about 550° C.
Accordingly, the annealing temperature is also an im-
portant factor for providing lower magnetostriction on
the compositionally modulated nitride alloy film. When
the average composition in a compositionally modu-
lated nitride alloy film is within the scope of the present
invention, lower magnetostriction will be ensured by
selectively determining the annealing temperature.

Similarly, using a target alloy of FeggNbiz, composi-
tionally modulated nitride alloy films were prepared at
Pn=10 (%) which are different in the wavelength of
compositional modulation. No noticeable change in the
saturation magnetization and the saturation magneto-
striction coefficient was detected even when the wave-
length of compositional modulation was varied. How-
ever, the coercivity was decreased as the wavelength of
compositional modulation becomes short and a desired
magnetic characteristic was acquired when the wave-
length was less than 60 nm. |

As described above, the Fe-based compositionally
modulated nitride alloy film containing 3 to 15 atomic
% of a metallic material composed of one or more ele-
ments selected from Nb and Ta and 3 to 20 atomic % of
nitrogen exhibits a better soft magnetic property ensur-
ing not only higher saturation magnetization but also
lower magnetostriction. For comparison with the com-
positionally modulated Fe-(Nb,Ta)-N nitride alloy film
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shown in Table 3 are some average composition in their
respective compositionally modulated nitride alloy
films which were added with one or more similar metal-
lic elements selected from Zr, Ti, and Hf for improve-
ment in the thermal stability of soft magnetic character-
istic and the magnetic characteristic of the same pro-
vided after annealing at 500° to 600° C.

| TABLE 3
vt
Saturation

Spec- Average Saturation Coer-  magnetostriction
imen composition magnetiza-  cjvity coefficient
No. (Atomic %) tion (kG) - (Oe) (X 10—6)

13 FeggNbjogZriNog 13.9 0.6 0.8

14  FeyaNbisZriNis3 13.2 0.3 0

15  FegiNbj1ZriN- 14.5 0.7 0.4

16  Fe73sNbj2TioNj3 14.1 0.2 —0.3

17 FeysTaj1ZriNy3 14.2 - 0.2 —0.5

The compositionally modulated nitride alloy films
shown in Table 3 exhibit higher saturation magnetiza-
tion, lower coercivity, and lower magnetostriction in-
volving an absolute value of less than 1Xx10-6. The
annealing for a compositionally modulated nitride alloy
film after deposition can be controlled for approximat-
ing the magnetostriction to zero by increasing an an-
nealing temperature if the magnetostriction is positive
and reducing the sam if it is negative. Accordingly, the
compositionally modulated Fe-(Nb,Ta)-N nitride alloy
film added with one or more metallic elements selected
from Zr, Ti, and Hf will exhibit higher saturation mag-
netization and lower coercivity, ensuring minimum
magnetostriction.

Example 4

Example 4 of the present invention will be described.

Using the rapid-frequency sputtering deposition pro-
cedure, a plurality of multi-layer film or composition-
ally modulated nitride alloy films, each consisting of 10
nm-thick nitride layers and 10 nm-thick non-nitride
layers overlaid periodically in the direction of a film
thickness and being deposited on a substrate of ceramic
material by periodically mixing 1.2 mm Torr of nitrogen
gas (N2) with 10.8 mm Torr of argon gas (Ar) during
the sputtering deposition, were prepared from various
targets of Fe-Nb binary alloys which are different in the
content of Zr. The nitrogen gas partial pressure ratio Pn
was 10% and the wavelength of compositional modula-
tion A was 20 nm. The average composition in each
compositionally modulated nitride alloy film is ex-
pressed as Feg7_xZrxN13. The compositionally modu-

lated nitride alloy films were then annealed in a mag-
netic field at 600° C. for 60 minutes. FIG. 8 shows the

dependence of magnetic characteristics on a content of

Zr 1n the compositionally modulated nitride alloy film
having an average composition of Feg7_,ZrxNj3 and
annealed. When the Zr content x is 3=x=10 (atomic
70), the saturation magnetization is more than 13 kG
and the coercivity is less than 1 Qe. The coefficient of
saturation magnetostriction will be negative if the Zr
content 1s low and positive if high, just in reverse of the
Fe-Nb-N film. When 3=x=10 (atomic %), the absolute
value of the saturation magnetostriction coefficient is as
low as less than 3 X 10—6. This phenomenon will appear
not only on the compositionally modulated Fe-Zr-N
nitride alloy film but also on the compositionally modu-
lated Fe-Ti-N or Fe-Hf-N nitride alloy films. For exam-
ple, the compositionally modulated nitride alloy film
having an average composition of FegTijgN3g, after
annealing at 650° C., was measured 14 kG in the satura-

10

15

20

25

30

35

40

45

50

35

60

65

12

tion magnetization, 0.9 (Oe) in the coercivity, and less
than 2 X 10—%in the magnetostriction. Also, the compo-
sitionally modulated nitride alloy film having an aver-
age composition of FeggHf7N3, after annealing at 600°
C., was measured 14 kG in the saturation magnetization,
0.4 (Oe) in the coercivity, and less than 1 X 10—6 in the
magnetostriction.

Then, using a target alloy of Feg3Zr7, two composi-
tionally modulated nitride alloy films in which the com-
position ally modulated wavelength is 20 nm and the
average composition is expressed as (Feg93Zroo7)
100— xNx were prepared by the sputtering at a sputtering
gas pressure of 12 mm Torr and with a ratio of argon
gas partial pressure to nitrogen gas partial pressure
being varied and then, annealed for 60 minutes at 550°
C. and 600" C. respectively. FIG. 9 shows the depen-
dence of magnetic characteristics on a content of nitro-
gen in the compositionally modulated nitride alloy films
having an average composition of (Feggo3
Zr007)100—xNx. As apparent from FIG. 9, both the
compositionally modulated nitride alloy films which
were annealed at an appropriate temperature of 550° C.
to 600° C. exhibit higher saturation magnetization,
lower coercivity, and lower magnetostriction when the
nitrogen content x is more than 3 atomic % and less
than 20 atomic %.

As the above films are annealed at a given tempera-
ture, the saturation magnetostriction coefficient in a
compositionally modulated nitride alloy film will vary
with the temperature of annealing. FIG. 10 illustrates
the dependence of a saturation magnetostriction coeffi-
cient on a temperature for annealing in the composition-
ally modulated nitride alloy film having an average
composition of Feg;ZrsNj3. Apparently, the magneto-
striction coefficient associated with the foregoing com-
position is shifted from positive to negative as the tem-
perature for annealing increases. More particularly, the
magnetostriction becomes nil after the annealing at
about 350° C. to 600° C. Accordingly, the temperature
for annealing is also an important factor for providing
lower magnetostriction on the compositionally modu-
lated nitride alloy film. When the average composition
In a compositionally modulated nitride alloy film is
within the scope of the present invention, lower magne-
tostriction will be ensured by selectively determining
the temperature for annealing.

Similarly, using a target alloy of Feg3Zrs, composi-
tionally modulated nitride alloy films which are differ-
ent in the wavelength of compositional modulation
were prepared at Pn=10 (%) in the nitrogen gas partial
pressure ratio. No noticeable change in the saturation
magnetization and the saturation magnetostriction coef-
ficient was detected even when the wavelength of com-
positional modulation was varied. However, the coer-
civity was decreased as the wavelength of composi-
tional modulation becomes short and a desired magnetic
characteristic was acquired when the wavelength was
less than 60 nm. |

As described above, the Fe-based compositionally
modulated nitride alloy film containing 3 to 10 atomic
%0 of a metallic material composed of one or more ele-
ments selected from Zr, Ti, and Hf and 3 to 20 atomic %
of nitrogen exhibits a better soft magnetic property
ensuring not only higher saturation magnetization but
also lower magnetostriction. Shown in Table 4 are some
average composition in their respective compositionally
modulated nitride alloy films which were added with



5,262,248

13

one or more similar metallic elements selected from Nb
and Ta and the magnetic characteristics of the same
provided after the annealing at 550°, 600°, or 650° C.

TABLE 4

Saturation

Spec- Average Saturation Coer-  magnetostriction
imen composition magtietiza-  Civity coefficient
No. (Atomic %) tion (kG)  (Oe) (X 105
- 18 FeygNbjZrgNj3 14.1 0.2 |

19  FegogNbiZrgNi3 16.7 0.3 —~0.8

20 FegoNbsZrsNig 14.8 0.3 -0.4

2] FegsNbiZrsNs 16.9 0.3 0

22  FegsNbsTijgNap 13.1 0.7 ]

23  Fejy9TazZrsNi3 15.5 0.2 - -0.5

24  FegiNbaZriNi3 18.2 - 0.4- —1

The compositionally modulated nitride alloy films
shown in Table 4 exhibit higher saturation magnetiza-
tion, lower coercivity, and lower magnetostriction in-
volving an absolute value of less than 1X10-6. The
annealing for a compositionally modulated nitride alloy
film after deposition can be controlled for approximat-
ing the magnetostriction to zero by increasing annealing
temperature if the magnetostriction is positive and re-
ducing the same if it is negative. Accordingly, the com-
positionally modulated nitride alloy film added with
one or more metallic elements selected from Nb and Ta,
when the content of such an additional metallic ele-
ment(s) 1s at least less than 6 atomic %, will exhibit
higher saturation magnetization and lower coercivity,
ensuring minimum magnetostriction. Also, the speci-
men 24 in Table 4 containing 2 atomic % of Zr can
exhibit higher saturation magnetization, lower coerciv-
- ity, and minimum magnetostriction on condition that
the sum of Zr and Nb or Ta is more than 3 atomic %.

Example 5

Example 5 of the present invention will be described.

Using the rapid-frequency sputtering deposition pro-
cedure, a plurality of multi-layer film or composition-
ally modulated nitride alloy films, each consisting of 10
nm-thick nitride layers and 10 nm-thick non-nitride
layers overlaid periodically in the direction of a film
thickness and being deposited on a substrate of ceramic
material by periodically mixing a nitrogen gas (N3) with

an argon gas (Ar) at a proper nitrogen gas partial pres-

sure ratio Pn so that the total sputtering gas pressure is
12 mm Torr, were prepared from different targets of
Fe-(V,Cr,Mn,Cu)-Zr three-element alloys. The compo-
sitionally modulated nitride alloy films in which the
wavelength of compositional modulation is 20 nm were
then annealed in a magnetic field. Table 5 illustrates
some average composition in their respective composi-
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tionally modulated nitride alloy films and the magnetic

characteristics of the same provided after annealing at
500°, 550°, or 600° C.

TABLE 5
Saturation
Spec- Average Saturation Coer-  magnetostriction
imen composition magnetiza-  civity coefficient
No. (Atomic %) tion (kG)  (Qe) (X 10—9)
25 FegaVsZrgNg 15.4 0.8 0.7

65

TABLE 5-continued
Saturation
Spec- Average Saturation Coer-  magnetostriction
imen composition magnetiza- civity coefficient
No. (Atomic %) tion (kG)  (Qe) (X 106
26 Fe7sVaZrsNia 15.3 0.2 1
27  FersMngZrsNij 15.6 0.2 0.5
28  Fe78CraZrisNi3 16.2 ] ]
29  FensCusZrsNis 15.5 0.4 -0.7

The compositionally modulated nitride alloy films
shown in Table § all exhibit higher saturation magneti-
zation, lower coercivity, and lower magnetostriction
involving an absolute value of less than 1X10—96, The
annealing for a compositionally modulated nitride alloy
film after deposition can be controlled for approximat-
ing the magnetostriction to zero by increasing annealing
temperature if the magnetostriction is positive and re-
ducing the same if it is negative. Although described in
Example 4 are the compositionally modulated Fe-Zr-N
nitride alloy films with no addition of V, Cr, Mn, Cu, or
the like element, the compositionally modulated Fe-Zr-
N nitride alloy film added with one or more metallic
elements selected from V, Mn, Cr, and Cu will exhibit
higher saturation magnetization, lower coercivity, and
minimum magnetostriction when the content of Zr is
from 3 atomic % and to 10 atomic % and the content of
nitrogen is from 3 atomic % to 20 atomic %, thus allow-
ing the content of an additional metallic element(s) to
remain less than 10 atomic %. The addition of V to the
Fe-Zr-N alloy film will offer an improvement in the
machining processability, of Cr will provide an increase
in the resistance to corrosion, and of Mn will facilitate
the control of anisotropy. Those can selectively be used
to meet the tasks.

~ Accordingly, the soft magnetic alloy film of the pres-
ent invention has a better soft magnetic property exhib-
iting lower coercivity and higher saturation magnetiza-
tion and ensuring minimum magnetostriction.

What is claimed is:

1. A soft magnetic alloy film deposited such that
composition of the alloy film is modulated in the thick-
ness direction thereof, an average composition of the
alloy film being represented by the formula;

MaTbNc

where M 1s Fe, T is one or more metals selected from
Nb, Ta, Zr, Ti and Hf, N is nitrogen, and a, b and ¢ are
numerals in atomic % and determined by:

65=a=893,3=b=6,4=c=20 a+b+c=100.

2. A soft magnetic alloy film containing fine grains of
Fe based materials in which at least the nitrogen compo-
sition is modulated in the thickness direction thereof, an
average composition of the alloy film being represented
by the formula:

MaTbNc

where M i1s Fe, T 1s one or more metals selected from
Nb, Ta, Zr, Ti and Hf, N is nitrogen, and a, b and c are
numerals in atomic 9% and determined by:

65=a=89.3,3=b=6,4=c=20 a+b+c=100.

* % * * %
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